Abstract. The present study aimed to investigate whether overexpression of integrin-linked kinase (ILK) affects drug resistance to temozolomide (TMZ) in glioma cells. To do this, a plasmid containing the ILK gene was transfected into the SHG-44 human glioma cell line, and cells were subsequently cultured in the absence or presence of TMZ. The expression levels of ILK, multidrug resistance-associated protein (MRP) and multi-drug resistance protein (MDR) were assessed in these cells. Cell growth and apoptosis were measured by MTT and Hoechst staining, and flow cytometry, respectively. In addition, the expression levels of B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated x protein (Bax), and caspase-3 activity, were evaluated. The ILK-overexpressing SHG-44 cell was successfully constructed, and demonstrated increased expression levels of ILK, MDR and MRP compared with untransfected cells. Cell growth in the ILK+TMZ group was significantly greater, and the percentage of apoptotic cells in the ILK+TMZ group was significantly reduced, compared with the p enhanced green fluorescent protein (EGFP)-C1+ TMZ empty vector control group. Expression levels of the anti-apoptotic protein Bcl-2 were significantly increased and those of the pro-apoptotic protein Bax were significantly decreased (P<0.01) in the ILK+TMZ group compared with the pEGFP-C1+TMZ group. In addition, the activity of caspase-3 in ILK+TMZ group was significantly decreased compared with the pEGFP-C1+TMZ group (P<0.01). Overexpression of ILK therefore promoted the proliferation of SHG-44 human glioma cells, reduced apoptosis and reduced sensitivity to TMZ via decreasing the activity of caspase-3.
Introduction
As the most common primary tumor of the central nervous system, glioma accounts for 46% of all intracranial tumors (1-3). The incidence of cerebral glioma is 3-10 in 100,000, comprising 1-3% of systemic malignant tumors. The median survival time of glioma patients who undergo surgery plus radiation and chemotherapy is only 8-11 months (4) . Drug resistance to chemotherapy contributes to this poor prognosis (5); therefore, it is important to identify the mechanisms underlying drug resistance.
Integrin-linked kinase (ILK) was identified by Hannigan et al (6) using yeast two-hybrid screening. ILK cDNA is 1.8 kb long and encodes 452 amino acid residues, containing 3 structural units of Ser/Thr. ILK is normally expressed at low levels; ILK is activated upon adherence of extracellular matrix (ECM) to cells or by growth factors via the phosphoinositide 3-kinase (PI3K)-dependent signaling pathway. A previous study demonstrated that ILK overexpression in cells resulted in the activation of numerous signal transduction pathways (7) . Overexpression of ILK in epithelial cells may lead to increased phosphorylation of protein kinase B (Akt) and glycogen synthase kinase 3 (8) .
Previous studies have revealed that ILK may induce epithelial-mesenchymal transition, and promote the development of malignant tumor cells in bladder and pancreatic cancer (9) (10) (11) (12) . In addition, research performed by Duxbury et al (13) suggested that inhibition of the expression of ILK through RNA interference may enhance the sensitivity of pancreatic cancer cells to gemcitabine chemotherapy, This indicated that ILK expression may be associated with drug resistance of tumor cells. Overexpression of ILK has been detected in numerous human malignant tumors, and this over expression has been associated with poor prognosis (14) (15) (16) (17) (18) . Few studies have investigated the association between ILK and drug resistance in glioma. The present study therefore investigated whether overexpression of ILK affected drug resistance to temozolomide in glioma cells. 9 cell/ml; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), and cultured for 30 min on ice, followed by 42˚C for 90 sec and 2 min on ice. Super Optimal Broth culture medium (800 µl; BioTeke Corporation) was added, and cells were cultured for 1 h at 37˚C with oscillation. The cells were cultured on Fast-Media ® Ampicillin Agar (InvivoGen, San Diego, CA, USA) plates containing X-gal and isopropyl β-D-1-thiogalactopyranoside. White colonies containing ILK were selected, the inserted ILK fragment was confirmed by PCR, and positive clones were selected and sequenced.
Materials and methods

Cell line selection. U87 MG (Cell
Plasmid extraction and genetic recombination. Targeted plasmids [T-ILK and p enhanced green fluorescent protein (EGFP)-C1 (Clontech Laboratories, Inc., Mountainview, CA, USA)] were extracted using a Plasmid DNA Maxi-Preparation kit (catalog no. DP1008, BioTeke Corporation) according to the manufacturer's protocol and plasmid concentration was determined by ultraviolet spectrophotometry. Double enzyme digestion for T-ILK and pEGFP-C1 was performed at designated cutting sites as described previously (19) , using Fast Digest EcoRI and Fast Digest XholI restriction enzymes (Thermo Fisher Scientific, Inc.). Following conjugation and transfection, JM109 competent cells were cultured in kanamycin-containing agar plates, single clones containing pEGFP-C1-ILK were selected and the inserted fragment length was determined by PCR.
Recombined pEGFP-C1-ILK clones were verified by automated sequencing using an ABI Prism 3730 DNA Sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.) and transfected into glioma cells. Stably transfected cells were selected using geneticin. Transfection of the empty pEGFP-C1 plasmid served as a control.
Reverse transcription-PCR (RT-PCR) for ILK mRNA expression levels.
Total RNA was extracted from transfected cells using TRIzol ® reagent (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's protocol. RNA quality was detected by ultraviolet spectrophotometry and agarose gel electrophoresis. Total RNA (1 µg) was reverse-transcribed to cDNA using the Takara RNA PCR kit (Takara Bio. Inc., Dalian, China; cat. no. RR019), and the ILK gene was amplified by PCR (Takara PCR Amplification kit (cat. no. RO11; Takara Bio. Inc.) with β-actin serving as a control. The primer sequences were as follows: Forward, 5'-ATG GAA CCC TGA ACA AAC ACT-3' and reverse, 5'-AGC ACA TTT GGA TGC GAG AAA-3' for ILK; and forward, 5'-CTT AGT TGC GTT ACA CCC TTT CTTG-3' and reverse, 5'-CTG TCA CCT TCA CCG TTC CAG TTT-3' for β-actin. The thermocycling conditions were as follows: An initial denaturation step at 95˚C for 5 min, followed by 30 cycles of 95˚C for 20 sec and 60˚C for 20 sec, and a final step at 72˚C for 30 sec and 4˚C for 5 min. The amplified products were separated by 1.5% agarose gel and imaged using the Odyssey ® Imaging system (LI-COR Biosciences).
MTT assay. Stably transfected (pEGFP-C1-ILK) cells were cultured in RPMI-1640 medium containing 10% FBS, and seeded into 96-well plates at a density of 3x10 3 cells per well. TMZ (Sigma-Aldrich; Merck Millipore; dissolved in DMSO (10 mg in 0.5 ml) and then diluted to 10 umol/l prior to experiment) was subsequently added. Cells were divided into five groups (5 wells/group): pEGFP-C1-ILK, pEGFP-C1+0.1% dimethyl sulfoxide (DMSO), pEGFP-C1+100 µM TMZ, pEGFP-C1-ILK+ 0.1% DMSO, pEGFP-C1-ILK+100 µM TMZ. An MTT assay was performed at 12, 24, 48 and 72 h after treatment. The medium was removed from each well and 100 µl MTT (0.2 mg/ml in PBS) was added in the absence of light; formazan crystals were produced over a 4-h incubation period at 37˚C. To dissolve crystals, 200 µl DMSO was added to each well and the optical density (OD) at a wavelength of 490 nm was measured on a Tecan Spectra Fluor spectrophotometer (Tecan, Männedorf, Switzerland).
Hoechst staining. Hoechst staining was performed on the SHG44, pEGFP-C1+0.1% DMSO, pEGFP-C1+100 µM TMZ, pEGFP-C1-ILK +0.1% DMSO and pEGFP-C1-ILK +100 µM TMZ groups 72 h following treatment. Cells were fixed on glass slides and stained with Hoechst for 5 min. Cells were subsequently washed twice with PBS, treated with fluorescence quenching liquid, coverslipped and immediately observed under a fluorescence microscope (magnification, x400). A total of 5 random fields of vision were selected, and, the number of normal cells in each were counted, allowing for the average number to be calculated. Staining results were analyzed (the nuclei were pale blue and uniformly arranged in normal cells) and then analyzed in conjunction with flow cytometry results.
Flow cytometry. Flow cytometry was performed in the SHG44, pEGFP-C1+0.1% DMSO, pEGFP-C1+100 µM TMZ, pEGFP-C1-ILK + 0.1% DMSO and pEGFP-C1-ILK +100 µM TMZ groups. The cells were inoculated in a T25 culture flask until the cells adhered to the wall, following which TMZ and DMSO were added. After 72 h of treatment, cells were washed twice with PBS, digested by trypsin and centrifuged at 800 x g, 24˚C for 5 min. All components of the Annexin V-FITC/PI apoptosis double staining kit; cat. no. LHK601-050; JiaMay Biotech, Ltd., Beijing, China) were added sequentially, before incubating at room temperature for 15 min, and analyzed within 1 h by flow cytometer (FACSCalibur; cat. no. FACS101; BD Biosciences, Franklin Lakes, NJ, USA) using FlowJo software (version, 7.6.1; FlowJo, LLC, Ashland, OR, USA).
Measurement of caspase-3 activity.
A Caspase-3 Detection kit (Beyotime Institute of Biotechnology) was used to detect the activity of caspase-3. The transfected cells were transferred to a 6-well plate at a density of 1x10 6 /ml, and LAMD3100 (25 µl) was added when cell confluence reached 65%. Following culture for 12 h, cells were washed in PBS, homogenized, lysed by NP-40 (Beyotime Institute of Biotechnology) and incubated on ice. Ac-DEVD-AMC (5 µl; AAT Bioquest, Inc., Sunnyvale, CA, USA) was added to a reaction solution containing 50 µl reaction buffer and 50 µl protein solution, and incubated at 37˚C for 4 h. The absorption was measured at a wavelength of 405 nm using an enzyme standard meter (ELX-800; BiotekInstruments, Winooski, USA) andcaspase-3 activity was calculated using a standard curve.
Statistical analysis. SPSS software version 18.0 (SPSS, Inc., Chicago, IL, USA) was used to analyze the data. Data are presented as the mean ± standard deviation. Analysis of variance analysis (along with Bonferroni adjustment as post-hoc analysis) and independent t-tests were performed to compare groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Cell selection. Western blot analysis revealed that the protein expression levels of ILK were lowest in the SHG-44 cell line (Fig. 1) ; therefore, subsequent experiments were performed on SHG-44 cells.
Amplification and transfection of ILK. The complete ILK gene fragment (length, 1.8 kb) was amplified by PCR, and agarose gel electrophoresis results demonstrated that the size of the PCR product was consistent with the expected size of the ILK gene ( Fig. 2A) , indicating that the ILK gene was amplified.
The recombinant plasmid pEGFP-C1-ILK was identified by PCR, and the obtained PCR fragments were consistent with the expected size of 1.8 kb (Fig. 2B) . In addition, analysis confirmed that the inserted fragment length presented no gene mutation in recombinant colonies (Fig. 2C) . Furthermore, gene sequencing was performed to confirm the ILK gene segment in the ILK plasmid vector. 
Protein expression levels of ILK in SHG-44 transfected cells.
Western blot analysis revealed that ILK protein expression levels were significantly increased in ILK stable transfected cells compared with controls (mock-transfected and empty vector-transfected SHG-44 cells; P=0.005; Fig. 4 ).
Protein expression levels of MDR and MRP.
The protein expression levels of MDR (Fig. 5A) and MRP ( Cell growth measured by MTT. Cell proliferation was evaluated using an MTT assay; results are presented in Table I . In thepEGFP-C1-ILK transfected group (subsequently abbreviated to ILK), the OD values at 24, 48 and 72 h following TMZ treatment group were significantly greater compared with the pEGFP-C1+TMZ group (P=0.0074); at the same time points, the OD values in the ILK+DMSO group were increased compared with the pEGFP C1+DMSO group (P= 0.0063). These results suggested that overexpression of ILK promotesSHG-44 human glioma cell proliferation.
Apoptosis of cells detected by Hoechst staining.
Under a fluorescence microscope, apoptotic cells revealed nuclear dense staining or chunky dense staining; apoptosis occurred to the greatest extent in the pEGFP-C1+TMZ group. No significant differences were observed in the percentage of apoptosis between the SHG-44 and pEGFP-C1+DMSO groups; the percentage of apoptotic cells in the ILK+TMZ group was significantly reduced compared with the pEGFP-C1+TMZ group (Fig. 6) . These results indicated that overexpression of ILK reduced apoptosis in glioma cells, reducing their sensitivity to TMZ.
Time following treatment (h). -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Flow cytometry.
Flow cytometric analysis demonstrated that the percentage of early apoptotic cells (lower right quadrant) was greatest in the pEGFP-C1+TMZ group; the percentage of these cells was significantly reduced in the ILK+TMZ group (P=0.001; Fig. 7) . These results suggested that the overexpression of ILK may decrease apoptosis in glioma cells treated with TMZ, and therefore decrease the sensitivity of cells to TMZ.
Protein expression levels of Bcl-2 and Bax. The protein expression levels of Bcl-2 ( Fig. 8A) and Bax (Fig. 8B) were detected by western blot analysis. The protein expression levels of Bcl-2, an anti-apoptotic protein, were significantly increased (P=0.0093) in the ILK+TMZ group compared with the pEGFP-C1+TMZ group; whereas the protein expression levels of the pro-apoptotic protein Bax were significantly decreased (P=0.0068) in the ILK+TMZ group compared with the pEGFP-C1+TMZ group. These results indicated that ILK increased expression of anti-apoptotic proteins, and decreased expression of pro-apoptotic proteins, thus reducing apoptosis in glioma cells and their sensitivity to TMZ.
Caspase-3 activity. The activity of caspase-3 in the ILK+TMZ group was significantly reduced compared with the pEGFP-C1+TMZ group (P= 0.0078; Table II ). These results suggested that ILK decreased the activity of caspase-3, thus decreasing apoptosis in glioma cells and their sensitivity to TMZ. 
Discussion
The occurrence and development of tumors requires cells to perform various functions, including proliferation, independent growth, anchoring, apoptosis, angiogenesis, invasion and metastasis. ILK, a unique intracellular regulator, may contribute to these functions. In addition, ILK interacts with the protein kinase of cell adhesion receptors, as well as integrin and actin cytoskeleton growth factors. Evidence indicates that ILK may be a cancer gene, and that it may promote tumor cell survival or tumor progression by regulating various signaling pathways (20) .
ILK serves a complex role in numerous cellular functions, including proliferation, motility, invasion, metastasis and angiogenesis (21, 22) . A study by Lee et al (23) demonstrated that ILK regulates phosphorylation of Akt in phosphatase and tensin homolog deficient prostate cancer and breast cancer cells. Overexpression of ILK has been associated with tumor progression and poor prognosis in patients with rectal cancer (24) . Monferran et al (25) revealed that the sensitivity of glioma cells to ionizing radiation was regulated by RhoB and ILK. Lanvin et al (26) demonstrated that ILK altered the radiation sensitivity of glioma via the regulation of the hypoxia-inducible factor 1α and survivin pathway and the mediation of mitochondrial death. These findings indicated that ILK may be a potential target for the treatment of glioma (20) . The aim of the present study was to investigate biological behaviors, including proliferation and apoptosis, in ILK stable transfected SHG-44 cells in vitro, and investigate the sensitivity of transfected glioma cells to TMZ.
In the present study, western blot analysis and RT-PCR revealed that the expression levels of ILK protein and mRNA in the stable transfected ILK cell line was significantly greater compared with the mock-and empty vector-transfected groups, which indicated the successful construction of the ILK stable transfected cell line. The protein expression levels of MDR and MRP were significantly increased in ILK-transfected cells, which made their resistance ability to TMZ increased.
Bcl-2 family proteins are important regulatory factors in the endogenous mitochondrial-dependent apoptosis pathway. In the past 20 years, in vitro and in vivo studies have revealed that Bcl-2 family proteins serve important roles in the drug resistance of tumor cells. The endogenous apoptosis pathway may be activated by numerous factors, including chemotherapy agents, growth deprivation, mitochondria membrane breakdown and apoptosis factors, particularly the release of cytochrome C from mitochondria into the cytoplasm (27) . The mitochondrial apoptosis pathway is mediated by a complex network composed of pro-and anti-apoptotic proteins of the Bcl-2 family (28). Through upregulating anti-apoptotic proteins or downregulating pro-apoptotic proteins, the mitochondrial apoptotic pathway may determine whether gliomas are sensitive to radiation and chemotherapy (29) . Western blot analysis demonstrated that ILK increased the expression of the anti-apoptotic protein Bcl-2 significantly and decreased the expression of the pro-apoptotic protein Baxin human glioma cells.
MTT assays revealed that following 24, 48 and 72 h of treatment with TMZ or DMSO, OD values in the ILK stable transfected group were significantly greater compared with the empty vector group, which indicated that the overexpression of ILK may promote the proliferation of TMZ-treated glioma cells. Hoechst staining revealed that the percentage of apoptotic cells in the ILK stable transfected group was significantly decreased compared with the empty vector group. Therefore, ILK may promote proliferation and decrease apoptosis in TMZ-treated cells.
Song et al (30) indicated that ILK influenced the MDR gene expression via the PI3K-Akt and mitogen-activated protein kinase-extracellular signal-regulated kinase signaling pathways, regulating the progress of gastric cancer. It is well known that caspase activation is a typical marker of early and late apoptosis. The activity of caspase-3 is an important indicator to determine whether apoptosis is occurring in cells or tissues (31) . Duxbury et al (13) demonstrated that ILK increased gemcitabine resistance in pancreatic cancer cells, and that knockdown of ILK increased the sensitivity of pancreatic cancer cells to gemcitabine via increasing caspase-3-mediated apoptosis. Therefore, ILK may regulate the sensitivity of glioma cells to TMZ. The results of the present study revealed that the activity of caspase-3 was significantly reduced in the ILK stable transfected cells compared with the empty vector group. The expression of ILK in glioma cells may decrease apoptosis in tumor cells via the downregulation of caspase-3 activity, thereby reducing the sensitivity of tumor cells to TMZ.
In conclusion, the results of the present study demonstrated that overexpression of ILK in SHG-44 glioma cells downregulated the expression of the anti-apoptotic protein Bcl-2, increased the expression of Bax, and decreased the activity of the key enzyme caspase-3, thus reducing the apoptosis of tumor cells, promoting their proliferation, and reducing the sensitivity of SHG-44 glioma cells to TMZ. The present results suggested that ILK may serve as a potential therapeutic target for glioma. 
